Nanostructured bulk NiAl materials were prepared at high pressure and temperature (0-5.0 GPa and 600-1500 C, respectively). The sintered samples were characterized by x-ray diffraction, scanning electron microscope, density, and indentation hardness measurements. The results show that NiAl nanoparticles may have a compressed surface shell, which may be the reason why NiAl nanomaterials were difficult to densify sintering using conventional methods and why high-pressure sintering was an effective approach. We also observed that B2-structured NiAl could undergo a temperature-dependent phase transition and could be transformed into Al 0.9 Ni 4.22 below 1000 C for the first time. It was interesting to note that Vickers hardness decreased as grain size decreased below $30 nm, indicating that the inverse Hall-Petch effect may be observed in nano-polycrystalline NiAl (n-NiAl) samples. Moreover, a tentative interpretation was developed for high-pressure nanosintering, based on the shell-core model of nanoparticles.
I. INTRODUCTION
NiAl intermetallic compounds with the B2 structure are of great interest as structural materials for aerospace and automotive applications due to their low density, high stiffness, good oxidation resistance, and corrosion resistance at elevated temperature. 1, 2 However, few reports have described the preparation of nanostructured bulk NiAl materials, mainly due to the particular preparation method of the starting nanopowder by flow-levitation method. 3 Therefore, the microstructure and mechanical properties of bulk NiAl nanomaterials remain poorly characterized. We know that the development of sintering is an important milestone for modern technical materials. 4 Its final-stage sintering processes are always accompanied by rapid grain growth. 5, 6 Unless it is controlled, the efforts to produce dense material with nanometer-scale structure (grain size less than 100 nm) and the prospects of conventional pressureless sintering will be seriously hampered. In contrast, high-pressure sintering is an effective method to suppress grain growth and improve densification of samples, and some works have been reported in the literature. 7, 8 The microstructure of the nanoparticle, especially the surface layer, is always ignored in those works. Palosz et al. 9, 10 established the core-shell model to illustrate a nanoparticle with a grain core and a surface shell. There is a general understanding in the material community that nano ceramic powders are always more difficult for sintering than metallic grains, 11 and the surface shell of the nanoparticle may play a vital role in sintering. Based on traditional sintering theories, Liao et al. 7 have described a high-pressure sintering mechanism of n-TiO 2 , and they claimed that grain growth is controlled by grain boundaries and pores. More recently, Zhao 12, 13 and Palosz et al. 9 have applied the in situ high-pressure powder diffraction technique to study the sintering of nanopowder. They found that the shell would harden and even yield at the grain-to-grain contacts under high pressure. Their experimental results imply that the surface shell effects cannot be ignored during high-pressure sintering. In this work, we focus not only on preparing bulk n-NiAl material at high pressure and describing its microstructures, but also on giving a detailed interpretation for the mechanism of the high-pressure nanosintering.
II. EXPERIMENTAL PROCEDURE
A. Sample preparation n-NiAl powder was made by the flow-levitation method 3 with an average grain size of 30 nm, as determined by x-ray diffraction (XRD) and scanning electron microscope (SEM). Cylindrical pellets were prepared in the mold at room temperature. Before molding, the powder was treated at 500
C for 60 min in vacuum (<5 Â 10 À3 Pa), to get rid of impurity gases attached to the grain surface. Finally, pellets were loaded in cylindrical molybdenum (Mo) capsules for high-pressure and high-temperature (HPHT) sintering experiments. HPHT experiments were carried out in 6 Â 800 MN cubic presses, 14 and cell assembly was described in Ref. 15 . The pressure and temperature were calibrated previously, as described elsewhere. 16 The samples were first compressed to the desired values before heating. After the samples were treated at 1.0 to 5.0 GPa and 600 to 1500 C for 30 to 60 min, they were quenched to room temperature with a cooling rate less than 150 C within 1 min and then slowly decompressed to ambient pressure. For comparison purposes, we also carried out no-pressure sintering in vacuum (<5 Â 10 À3 Pa) at 600 to 1200 C for 30 min.
B. Sample characterization
Sintered bulk samples were polished to a smooth mirror surface for further testing. Vickers hardness was determined by using a hardness tester operated at 4.9 N of applied load and 15-s dwelling time. X-ray diffraction was used to determine the phase composition, grain size, and residual microstrain of the sintered samples. Grain size and residual microstrain were calculated by classic Williamson-Hall method based on the measurement of diffraction peak broadening given by
where e is the microstrain, L is the grain size, l is the wave length of Cu Ka, y is the diffraction angle, and B s is the broadening due to the sample. Microstructural observation was carried out using a high-resolution SEM with a resolution better than a few nanometers. Grain size was also estimated from SEM observation of the sample fracture surface. Densities of sintered compacts were measured by Archimedes method with deionized water as the immersion medium.
III. RESULTS AND DISCUSSION
A. Surface shell of nanoparticle investigated by XRD
To date, the core-shell model of nanoparticle has been commonly accepted. 9, 10, 12, 13 It is basically considered that the structure of the shell is centrosymmetrically deformed, expanded, or compressed from the core structure due to strong surface strain. Some researchers 12, 17, 18 implied that the surface shell of n-metal may be expanded and n-ceramics may be compressed (it is not a well established model). Here is a simple method 18 we use to measure a nanocrystalline with a strained surface shell layer, as shown in Fig. 1 . For a perfect, infinite crystal, without a strained surface shell, XRD peak patterns symmetrically distribute on both shoulders of the weighted peak centers [ Fig. 1(b) ]. In a similar manner, the left/ right shoulders of the peaks broaden towards bigger/ smaller d-values (or smaller/bigger 2y) and reflects the expanded/compressed surface shell of a nanoparticle [ Figs. 1(a) and 1(c) ]. By means of the peak broadening of XRD patterns, the strained surface shell is easily discerned between the extended [ Fig. 1(a) ] and the compressed [ Fig. 1(c) ]. From Fig. 2 , which shows the XRD patterns of the nano-and micron-NiAl powder, we consider that the shell of n-NiAl should be compressed.
The strained surface of nanoparticles may have a close relationship with the sintering of nanomaterials. 9, 12 At this time, few reports have described the ignored issue in the literature. The compressed surface of n-NiAl particles is determined by peak broadening of XRD patterns. This process makes n-NiAl sound like ceramic, which may be the reason why NiAl nanomaterial is difficult to fully densify using traditional pressureless sintering. samples are treated at 600 to 1000 C. However, at 1200 to 1500 C, the most pronounced features are the disappearance of Al 0.9 Ni 4.22 and the sudden emergence of impurity a-Al 2 O 3 . Therefore, it is of interest to analyze the phase transition between the highly ordered B2-structured NiAl (bcc) and solid-solution alloy Al 0.9 Ni 4.22 ( fcc). 19 In our experiments, we hold that 600 to 1000 C is a stable region for Al 0.9 Ni 4.22 and metastable for NiAl. But the situation is reversed above 1200 C, NiAl shows more stable than Al 0.9 Ni 4.22 in this temperature region. During the preparation of starting nanopowder and the sintering of bulk sample, some oxide impurity is induced, probably existing in a form of amorphous Al 2 O 3 at a lower temperature. However, the presence of an amorphous phase is not associated with any characteristic Bragg C. Grain size evolution and residual microstrain variation investigated by XRD
Grain size and residual microstrain versus pressure
Information on grain size and microstrain can be obtained from XRD peaks. This method has been extensively applied in the field of high pressure research. 12, 13, [20] [21] [22] The method is based on the measurements of diffraction peaks broadening after correcting for the instrumental broadening. As is shown in Fig. 4 , Williamson-Hall plot analysis is performed to estimate grain size and residual microstrain of bulk n-NiAl samples. Figure 5 illustrates the grain size evolution and residual microstrain variation of the sintered samples against pressure at 600 C. As can be seen from the results of our experiments, the phenomenon is interesting. At lower pressure ($0 GPa) and higher pressure (4.0-5.0 GPa), grain size is relatively smaller, less than 37 nm. It has a steep increase ($70 nm) at 1.0 GPa and somewhat decreases ($55 nm) in pressure ranging from 2.0 to 3.0 GPa. Therefore, only an appropriate pressure will be more favorable for grain growth. If the pressure is too low or too high, grain growth will be suppressed. A similar phenomenon has been reported in the literature. 7, 23 Microstrain has an abrupt increase at 0 to 2.0 GPa, and then runs at a relatively high level at 2.0 to 5.0 GPa, except for a little decrease at 4.0 GPa. As shown in Fig. 5 , it implies that grains may experience an elastic deformation at the contact points between individual particles below 1.0 GPa, and grain-to-grain contacts may undergo a plastic deformation (micro/local yield) at 2.0 to 3.0 GPa and macro/bulk yield at 4.0 to 5.0 GPa. In fact, some authors have researched high-pressure sintering of nanomaterials, 7, 8 but their explanations are mainly based on the traditional theories of sintering, thus their theories are always based on uniform structured nanoparticles and ignore the differences between surface layer and core of a nanoparticle. To get a better understanding of our experiments, we attempt to establish a model for high-pressure sintering of nanomaterials.
High-pressure sintering model
The most general concept of sintering is the grain boundaries elimination process, i.e., grain growth is accompanied by the grain boundaries migration that is governed by atom diffusion. Therefore, atom diffusion, boundaries migration, and grain growth go simultaneously. In light of the mechanism of atom diffusion, a conventional sintering model was established by Coble 4,24 and a thermodynamic equation of the grain growth was proposed by Uhlmann et al. 25 In addition, Lu 26 and Liao et al. 7, 8 have developed the sintering theory under high pressure. In this study, the explanation of the pressure effect on nanosintering (grain growth) that occurs via atom diffusion will be based on the previous research.
Before discussing the research, a few fundamental underlying assumptions of this model should be stated as follows: (i) by substituting a uniform-structured nanoparticle, assuming it has a shell-core structure; and (ii) in general, nanoparticle size is nonuniform with certain distribution, and the shape is similar to a smooth surface sphere or ellipsoid.
9,10 A schematic model for microstructure development of closed packed spheres/ellipsoids against pressure is shown in Fig. 6 . For simplicity, temperature is assumed to remain the same. When the external load is applied to those porous compacts, it propagates in the nanomaterial through contact points between individual grains. However, the core-shell model is no longer valid after the macro/bulk yield of the nanograin, because the formed stress fields (due to external strong compression) nearly distribute uniformly in the whole grain [ Fig. 6(d) ]. In addition, the core-shell model should be limited within the pressure loading stage and lower sintered temperature range. It can not be used when the whole sample is sintered into a continuum bulk instead of individual particles.
At low pressure, particles are far separated from each other, and there exist a lot of pores in the powder compact [ Fig. 6(a) ]. The contact areas between the grains are small. Therefore, atom diffusion and mass transfer that govern the grain growth 4,6,24,26 have a low efficiency. As a result the grain grows very slowly. Little microstrain of the shell is induced at grain-to-grain contacts (Fig. 5 , at 0 GPa). The particles will be rearranged with the increasing pressure. Center-to-center distances between those rearranged spheres/ellipsoids are dramatically shortened. Under certain pressure [ Fig. 6(b) ], grain-to-grain contact areas increase remarkably, and intergranular elastic deformation (microstrain) is induced in the surface shell. The microstructure of a powder compact is characterized by a complex network of pores ("capillary tubes") that are open to the external surface. Atom diffusion and mass transfer promptly develop along with the inner surface of those capillary tubes. As a result, "necks" are formed by a rapid grain growth in the contact region of adjacent particles. The particles join firmly together through the necks (contact region) of adjacent particles [ Fig. 6(b-1) ]. Energies of elastic deformation are partially consumed for grain growth. However, some microstrain still resides in the sintered sample (Fig. 5 , at 1.0 GPa), because of some elastic recovery of the strained contact points after decompression. The shell will respond to extreme high pressure by local yielding to relieve the high stress at the contact points, through plastic deformation. Hence, microstrain and hardened shell develop greatly, and pores are closed basically [ Fig. 6(c) ]. The diffusion process that is controlled by vacancy transport (vacancy mechanism) has perhaps been failure 1, 2, 26 at the contact points. Therefore, the grain will have a smaller size due to the restrained grain growth. In addition, a relatively smaller strain will present in those closed pores, where atom diffusion is easier. For this reason, grain growth only develops at the closed pores by which particles can tightly join with each other [ Fig. 6(c-1) ]. In addition, some recovery of compressed strain at contact points may induce much expanded strain at the closed pores [see Fig. 6(c-1) ] in the sintered samples (Fig. 5 , at 2.0-3.0 GPa). As the responses to the increasing pressure, the nanoparticles will be bulk yield. The shell-core model is no longer suitable for this case. An individual nanoparticle may undergo a complete plastic deformation then become harder and denser [ Fig. 6(d) ]. As a result, atom diffusion and mass transfer will become more and more difficult, and grain growth is seriously hindered (Fig. 5, at 4 .0-5.0 GPa). From the results of the previous and present experiments, bulkstrained nanoparticles (induced by external compression) may have a higher potential barrier for atoms diffusion. 27 3. Grain size and residual microstrain versus temperature Figure 7 shows the effects of temperature on grain size and residual microstrain at 5.0 GPa. As we know, the Williamson-Hall formula is only tailored to calculate grain size less than 100 nm. Grain sizes of 131 nm (at 1000 C) and 185 nm (at 1200 C) are estimated by SEM. At the same time, XRD peaks broadening are caused by grain size, which should be ignored when the grain size is above 100 nm. At lower temperature (600-800 C), grain growth has been restrained by the hardened (severely strained due to bulk yield) nanoparticle at 5.0 GPa [ Fig. 6(d) ]. However, in the temperature ranging up to 800 to 1200 C, there is an accelerated grain growth and a steeply decreased microstrain, which implies that atoms may be activated to overpass the pressure-induced higher potential barrier with the increasing temperature at 5.0 GPa. In our experiments, the activated point is 800
C. Above this temperature, atom diffusion becomes easy and grain growth is effectively promoted, while microstrain is nearly completely released due to grain growth and severely strained contact region for further plastic deformation. Thus, grain size is bigger and microstrain is smaller at 1000 to 1200 C. It pronounces that the bulk-yield grains maybe become "soft" above 1000 C at 5.0 GPa. (Fig. 5) . It is obvious that grain growth is restrained greatly at 5.0 GPa, because the hardened nanoparticle develops and helps to retard atom diffusion. growth, less porosity, and density improvement to >99.5% r theo . When comparing Fig. 8 (a) (at 2.0 GPa and 600 C) with Fig. 9 (a) (at 2.0 GPa and 1200 C), grain has a rapid growth from 50 to 320 nm. In good accordance with our results above, it suggests that the bulk-yield grain may become soft under high temperature. In addition, different holding times of 30 min [ Fig. 9(a) ] and 60 min [ Fig. 9(b) ] for grain sizes are 320 and 430 nm, respectively, at 2.0 GPa and 1200 C. Thus, longer holding time is more favorable for grain growth. With an increasing pressure, suppressed grain growths are also observed at high temperature (1200 C) [Figs. 9(b) and 9(c)].
E. Density versus pressure and temperature Figure 10 shows the variations of density against pressure at 600 C for 30 min. Density of pressureless ($0 GPa) sintered sample is less than 80% r theo (theoretical density). The density is no less than 90% r theo when the samples are treated at 1.0 to 2.0 GPa. It increases significantly when pressure is above 2.0 GPa and reaches 95% r theo at 3.0 GPa. However, from 3.0 to 5.0 GPa, variation of density is only in the range of 95 to 99% r theo . Results above show that particle rearrangement may take place below 1.0 GPa, and most pores are closed at 2.0 to 5.0 GPa (see Fig. 6 ). Under different temperatures (600-1200 C), densities of the samples sintered at 0 and 2.0 GPa for 30 min are plotted in Fig. 11 . Prominent features show that density has been saturated to 99.8% r theo and almost fully dense at 2.0 GPa (1000-1200 C). By contrast, density is only 84% r theo for pressureless ($0 GPa) sintering at 1200
C. In addition, density can reach the minimal value of approximately 74% r theo at 800 C. This result implies that the sintering process may accompany pore growth 28 at $0 GPa, but it is not observed at 2.0 GPa. The results stated above show that the sintering can become more favorable as pressure is applied. who gave a measured Vickers hardness of approximately 2.6 GPa for micron-NiAl, our results well agree with the well known Hall-Petch relation, [30] [31] [32] i.e., the hardness of the nanomaterials decreases as the grain size increases. However, this trend inverts at 600 C (grain size and Vickers hardness is approximately 30 nm and 11.5 GPa, respectively). Because the samples are treated at 5.0 GPa and their densities are more than 99% r theo (Fig. 10) , pores should rarely exist in samples and cannot affect the Vickers hardness. Therefore, we suggest that it is an inverse HallPetch effect [33] [34] [35] in our experiments. A similar phenomenon was also previously observed in B2-structured TiAl specimens of 96% theoretical density and grain sizes below approximately 30 nm. 29 
IV. CONCLUSIONS
In summary, based on the shell-core model, we illustrate a compressed surface shell of n-NiAl by XRD. NiAl is less stable than Al 0.9 Ni 4.22 below 1000 C, but the situation is reverse above 1200 C. In this work, a highpressure sintering model of nanomaterial is proposed to interpret our experiments. It suggests that high pressure can favor improving densification of the sintered nanomaterials. Strains of the nanograins induced by external compression may seriously hinder grain growth, but it may become "soft" under certain temperature. The proposed model can give a good interpretation for grain size and residual microstrain in our samples. Density of the sintered samples at high pressure can reach up to 99.8% r theo , whereas it reaches only 84% r theo for no-pressure sintering. In addition, Vickers hardness of the samples sintered at 5.0 GPa and 800 C can reach 13.0 GPa, and the inverse Hall-Petch relation may be observed in n-NiAl.
